The developments of electrode active materials provide the opportunities for next-generation energy storage devices. The arrangement of electrode materials on the substrate has recently emerged as a promising strategy for preparing high-performance supercapacitors. Herein, we demonstrate a novel vertically aligned CuSe@Co(OH)(2) nanosheet arrays electrode for supercapacitor application. The materials are thoroughly characterized by structural and spectroscopic techniques. Electrochemical performance of CuSe@Co(OH)(2) nanosheet arrays are investigated in detail, which exhibit a specific capacitance as much as 1180 F g(-1) at a current density of 1 A g(-1). A flexible asymmetric all-solid-state supercapacitor is fabricated using CuSe@Co(OH)(2) nanosheet arrays as the positive electrode and activated carbon as the negative electrode. The device delivers a volumetric capacitance of 441.4 mF cm(-3) with maximum energy density and maximum power density is 0.17 and 62.1 mW cm(-3), as well as robust cycling stability (similar to 80.4% capacitance retention after 10 000 cycles), excellent flexibility, and mechanical stability. The excellent electrochemical performance can be attributed to its unique vertically aligned configuration. , as well as robust cycling stability (~80.4% capacitance retention after 10000 cycles), excellent flexibility and mechanical stability. The excellent electrochemical performance can be attributed to its unique vertically-aligned configuration.
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Introduction
With the progress of the relevant science and technique, portable or wearable electronics, as a new and fast growing technology, has been greatly developed in recent years. [1] [2] The demand for energy storage is expected to grow substantially well into the foreseeable future.
Supercapacitors (SCs) act as an emerging class of energy storage devices, have attracted great attentions due to their high power density, fast charge-discharge rate and long cycling life.
For conventional SCs, two solid electrodes are directly immersed into the electrolyte containing Na2SO4, H2SO4, KOH, et.al, which inherently have the risk of liquid leakage and integrity problems. As a result, all-solid-state (ASS) SCs are excellent alternatives because the gel electrolyte used in ASS-SCs is not as mobile as liquid solution and can be easily separated and encapsulated. Moreover, the fabricated ASS-SCs can be easily bended or to be twisted to meet the growing demands for thin, flexible, lightweight and even roll-up portable electronic devices, which is the focus of the present and future researches. [3] [4] Electrode active materials are key component to constructing high performance ASS-SCs.
Based on the energy storage mechanism, two types of materials have been widely studied.
One kind is carbon-based materials, they store electrical energy by electrostatic accumulation of charges in the electric double layer (EDL) near the electrode/electrolyte interfaces. [5] [6] [7] [8] They are very stable during the charge/discharge (CD) process, but suffer from relatively low specific capacitances. The other kind is transition metal oxides/hydroxides, such as MnO2, [9] [10] [11] [12] [13] [14] [15] RuO2, [16] [17] [18] [19] Co(OH)2 [20] [21] [22] [23] et.al., the energy stored by reversible Faradic reactions occurring at the electrode surface. They have high theoretical capacitance, whereas their electrical conductivity and mechanical properties are poor. Great achievements had been achieved by designing singular electrode material or even their composited materials. [24] [25] [26] [27] [28] [29] [30] In recent years, it was found that the arrangement of the electrode materials on the substrate is a cognitive factor for high performance ASS-SCs. [31] [32] [33] [34] [35] [36] In the ASS-SCs, polymer gels were used as solid electrolyte, which is not as mobile as liquid electrolyte. It is difficult to ensure that the gel absorbed on entire surfaces of the electrode materials, this will lower the utilization levels of the electrode materials and thus reduce their energy storage capacity. 46 In addition, the asymmetric ASS-SCs show robust cycling stability, excellent flexibility and mechanical stability. 
Experimental

Reagents and Materials
Synthesis of CuSe@Co(OH)2 Nanosheet Arrays
Vertically-aligned CuSe@Co(OH)2 nanosheet arrays were synthesized by electrodeposited Co(OH)2 on the pre-prepared CuSe nanosheets. The synthesized of CuSe nanosheets were described elsewhere in detail. 47 Electrodeposited Co(OH)2 nanosheets were carried out in the traditional three-electrode system under a potentiostatic mode. CuSe nanosheets were used as working electrodes, the Pt plate and saturated calomel electrode (SCE) were used as counter electrode and reference electrode, respectively. The potentials were measured with respect to SCE. The distance between anode and cathode was 8 cm.
The electrolyte was prepared by dissolved 0.1M Co(NO3)2 and 0.1M KNO3 in aqueous domain. The pH value of the electrolyte was adjusted to 5 by addition of H2SO4. To obtain high performance SCs device, various deposition parameters (deposition potential, deposition time and electrolyte temperature) were investigated through orthogonal test. After the reaction, the product was rinsed out with distilled water and dried at room temperature on standby.
Materials Characterizations
The morphologies of CuSe@Co(OH)2 nanosheet arrays were characterized with scanning electron microscopy (SEM, Zeiss G500 and Quanta 200, FEI). The microstructures of the products were detected by TEM and high-resolution TEM (Tecnai F20, FEI) were operated at an acceleration voltage of 200 kV. Energy dispersive X-ray spectrums (EDS) were collected by the EDS spectroscopy (EDAX Co.) equipped on TEM. XPS were performed on an XPS system (ESCALAB 250 Xi, Thermo Fisher Scientific). The binding energies were calibrated using C1S peak (BE = 284.6 eV) as a standard.
Assembly of Asymmetric ASS-SC Device
For preparation of the flexible asymmetric SC devices, vertically-aligned CuSe@Co(OH)2 nanosheet films and active carbon (AC) thin films were used as anodic and cathodic electrode respectively. The AC thin films were fabricated as previous work. AC (YP-50F, Kurary) (80%), conductive carbon black (10%) and polytetrafluoroethylene (PTFE) (10%) were added in N-Methy pyrrolidone(C5H9NO) under vigorous stirring. The suspension was coated on the Au/PET substrate and dried at 100 o C for 24 h. The PVA/KOH gel electrolyte was used as binder and hydrate cellulose was used as separator. The PVA/KOH gel was prepared as following: 6 g KOH of and 6 g PVA were dissolved in 60mL deionized water, the mixture was heated to 85℃ under stirring until it became transparent.
Eletrochemical Measurements
The electrochemical tests of the electrode active materials were carried out in the threeelectrode measurements. In which, CuSe@Co(OH)2 nanosheet arrays and AC thin films were To achieve enhanced electrochemical properties, one of the effective ways is to construct vertically aligned core/shell nanostructures as illustrated in Fig. 1a . In which, the "core" materials have low electric resistance, they can serve as direct electrical pathway to the collection of electrons during charge-discharge process. However, the decorated "shell" materials should have large surface area and provide larger specific capacitance. Our strategy for preparing such hierarchical core-shell nanostructures through a two-step approach was shown in Fig. 1b The insert in Fig. 2a shows the scanning electron microscopy (SEM) images of naked CuSe nanosheet arrays, it is clearly that the CuSe nanosheets were uniformly aligned vertically on Au/PET substrate at a large scale and formed large open framework between its intersections (Fig. S1) . The CuSe@Co(OH)2 core/shell nanostructures were fabricated through the secondary growth of Co(OH)2 on CuSe nanosheets using electrodeposition. The growth processes of the Co(OH)2 "shell" is initiated by the reduction of NO3 + , which generated OH -ions at the surfaces of CuSe nanosheets by sacrificed electrons (Eq. S1). Then SEC) as shown in Fig. 2a . Obviously, the Co(OH)2 nanostructures were grown perpendicularly on the surface of CuSe nanosheets, forming a scales-like surface morphology.
Micro-pores with the diameters about 3 micrometers still remained, which is beneficial for gel electrolytes fully penetrate into the active materials when constructing SCs device, and thus improve its specific capacitance. Fig. 2b shows the high magnification SEM image of the Co(OH)2 nanosheets, the measured thickness is about 3.72 nm. TEM investigations were performed to study the morphology and microstructure of CuSe@Co(OH)2 nanosheets. Fig. 2d shows the typical low magnification TEM image of the samples. We can see that the central "core" is covered with plenty of tiny nanosheets on its surface, forming typical hierarchical core/shell nanostructures. originate from the Au-coated PET substrate. The accurate composition and atomic oxidation state of the hybrid electrode materials were further studied by the X-ray photoelectron spectroscopy (XPS) technique. The full XPS spectrum (Fig. S4a) and high-resolution XPS spectrum (Fig. 3b) indicate that the signals of Co and O were much higher than that of Cu and Se. According to is emission theory, the detection depth of XPS is only several nanometers, which further demonstrated its core/shell structure. The spectrum of Co 2p was shown in Fig. 3c , which exhibits two peaks located at 782.1 eV and 798.1 eV with satellite peaks due to Plasmon losses and final state effects. The peaks were assigned to the electronic states of Co 2p3/2 and Co 2p1/2, respectively. The multiplet splitting energy (∆E=16 eV)
indicated that Co is existed as a Co(OH)2 version. [49] [50] The O 1s spectrum and its fitted curves was shown in OH− as below:
The charge storage mechanisms of the CuSe@Co(OH)2 nanosheet arrays were further studied. Fig. 4b shows the cathodic peak current densities vs. the square root of the sweep rates, the linear dependence demonstrated that the capacitive behaviour is dominated by diffusion-controlled ion intercalation process. Notably, due to its porous morphologies, double layer storage mechanisms may also contribute to the total storage capacity of the hybrid electrodes, we used a kinetic model described in Fig. S5 to study the contribution of both charge storage mechanism, the results indicated that the contributions of the double layer capacity is only 16% to the total capacity of the CuSe@Co(OH)2 films. This is attributed to characteristics of Co(OH)2 layered structure, which favours proton or OH -ions insert/extract reversible to its crystal lattice. To determine the specific capacitance values, galvanostatic charge/discharge (GCD) measurements were performed at different current densities as shown in Fig. 4c . The GCD curve is probably symmetric, indicating the reversible charging and discharging process. The specific capacitance values were calculated according to Eqs. S4-6. The maximum specific capacitance of the CuSe@Co(OH)2 nanosheet film is 1180 F g -1 at the current density of 1 A g -1 (Fig. 4d) , which is higher than electrode shows a semicycle at high frequency region followed with a straight line at low frequency denoted excellent capacitive behavior. The fitted equivalent circuit were also presented in Fig. 4e , where Rs represents the total ohmic resistance of electrolyte resistance, Rct is the charge-transfer resistance, and Cp is the capacitive element due to the redox process of electrode. The result of Rct is 4.9 ohm, which revealed that the porous CuSe@Co(OH)2 electrodes own high electronic conductivity and electrochemical reactivity, and were suitable to being electrode active materials. Fig. 4f presents the cycling retention of the CuSe@Co(OH)2 nanosheet arrays at a current density of 10 A g -1 . It is clearly that the micropore structure still remained after 1000 cycles, which demonstrate that the CuSe@Co(OH)2 core/shell nanostructures are very stable during the electrochemical test. The specific capacitance maintains 98.8% of initial capacitance, suggesting its steady electrochemical performance. at the current density of 0.5, 1, 2, 3, and 5 A g -1 . Based on its CV results, they store energy followed electron double layer mechanism, which makes porous AC an ideal negative electrode material, especially heavy load charge-discharge performance when building the asymmetric SC device. An asymmetric SC was assembled by using CuSe@Co(OH)2 nanosheet arrays as positive electrode and porous AC as negative electrode. In order to obtain the high performance of CuSe@Co(OH)2//AC device, the charge on positive and negative electrode should be optimized based on the individual capacitive performance (Eq. S7). The electrochemical potential windows of the electrodes were estimate in 1 M KOH electrolyte.
Because the porous AC was measured within a stable voltage window of -1.0 to 0.0 V, while that of the CuSe@Co(OH)2 electrode was tested from 0.0 to 0.5 V (Fig. 5a) , the asymmetric CuSe@Co(OH)2//AC SC device can extend the operating voltage window in aqueous electrolyte up to 1.5 V by taking advantage of the maximum applied voltage as shown in Fig.   5b . The operating voltage of asymmetric SC is much higher than the conventional symmetric SCs. In this case, the anodic micro-porous CuSe@Co(OH)2 nanostructures provide easy access channels for the ions to penetrate inside the porous nanosheets, while in the cathode, the AC suffer high electron density due to EDL storage mechanism, the synergistic effect of two electrode materials makes the asymmetric CuSe@Co(OH)2//AC SC to conduct ions and electrons at higher rates. The long-term cycling stability of the ASS-ASCs was evaluated by galvanostatic chargedischarge at 1 mA cm -2 . As shown in Fig. 6e , the specific capacitance shows very slow increase during the first initial 2500 cycles at the normal state, which may be attributed to the 46 In addition, the as-prepared device can deliver a maximum power density of 62.1 mW cm -3 at a current density of 3 mA cm -2 . These results again confirmed that the vertically-aligned CuSe@Co(OH)2 core/shell configuration was very promising as an anode material for high energy-density devices. and tandem devices were measured at a current density of 1 mA cm -2 , and paralleled device was detected at a current density of 2 mA cm -2 . Inset: red LED was powered by the tandem devices.
In some practical situation, the SCs would be used in series or in parallel to meet the energy and power requirements. For this consideration, Fig. 7 shows the GCD curves of two CuSe@Co(OH)2//AC ASS-SCs and their combinations in series and parallel. The CD curve of the tandem devices kept the same trend with the single ASS-SC, which indicates excellent capacitive properties with minimal internal resistance. More important, the voltage window was extended by a factor of 2 compared with a single SC. While in the parallel mode, the output current was two times as that of a single device. To demonstrate the potential application of the as-prepared device, the tandem devices were employed to power a red light-emitting-diode (LED 1.6 V) in the inset of Fig. 7 and Video S1. The device can power a red LED for about 130 seconds after being charged at 1 mA cm -2 for 40s.
Conclusion
In summary, vertically-aligned CuSe@Co(OH)2 nanosheet arrays were successfully synthesized on flexible Au-coated PET substrate, and used as active electrode materials in electrochemical supercapacitor. The CuSe@Co(OH)2 electrode exhibited the specific capacitance of 1180 F g -1 at the current density of 1 A g -1 . Asymmetric ASS-SCs were fabricated by using CuSe@Co(OH)2 and porous AC as positive and negative electrodes respectively. The CuSe@Co(OH)2//AC ASS-SC shows a volumetric specific capacitance 441.4 mF cm -3 at 0.3mA cm -2 with maximum energy density of 0.17 mWh cm −3 additional with good cycling stability (80% capacitance retention after 10000 cycles), excellent flexibility, and desirable mechanical stability. This work developed an efficient way to resolve the spacial orientation of active electrode materials. The remarkable performances can be attributed to its micro-porous vertically-aligned configuration, which increase the contact interface area between electrode and electrolyte and facilitate the electrolyte ion transport. Further integrating other electroactive materials with the CuSe nanosheet array to fabricate advanced hybrid electrodes is under way in our laboratory.
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